producing accelerated deformation kinetics may be mutually exclusive goals. This conflict can be mitigated by testing single phase rocks or by fabricating synthetic rocks with specially designed phase compositions. The chemical fugacities of the mineral components and any volatiles, particularly water, must also be controlled. Unless the experimenter aims to investigate the properties of partial melts, eutectic melting needs to be avoided.
Deformation at low strain rates can also be studied by reducing a length scale. For mechanisms primarily limited by diffusion, the most important length scale is the grain size. Natural rocks with grain sizes of a few microns may be found, and synthetic aggregates of olivinc, calcite, feldspars, and quartz have been produced in a range of very small grain sizes. Such synthetic rocks can bc used to understand the effect of variations of grain size, second phase abundance, or dissolved hydroxyl content on the physical properties of rocks.
Apparatus
Modem apparatus use a variety of loading schemes, including rotary shear, double block shear, conventional triaxial, full triaxial, diamond anvil, and large volume, opposed multi anvil devices [60, 901. The most common loading geometry is the conventional triaxial configuration (Figure 1 ). Such machines have cylindrical loading symmetry with coaxial stress and strain. If the axial compressive stress, oa, is larger than the confining pressure, P,, then loading is triaxial compression; if o,<P, then the sample extends. When pore fluids are present, the effective stresses must be considered: the effective axial stress CJ,' is a,-P, the effective pressure is P,'=P,-P, By using forcing blocks with an inclined cut, non-coaxial experiments can be carried out in plane strain or pure shear. Displacements in this geometry are limited by jacket Fig. 1 . Schematics of several different loading configurations in conventional triaxial machines; below these are Mohr's circles for each configuration. The experimenter independently controls the axial load, (J,, the pressure of the confining medium, P, and the pore fluid pressure, P, Primed quantities are effective stresses, for example, a,'=a,-P, In the conventional triaxial configuration, when on' is greater than PC' the sample shortens along its axis; when 0: is less than PC', the sample extends. The simple shear configuration allows plane strain experiments to be done, but slip distances are limited. During confined torsion an additional shear stress is applied; the principal stresses are no longer parallel to the sample axis. This configuration allows very large shear strains, but, thus far, only room temperature experiments have been done [90] .
flexibility, and are typically a few millimeters. New rotary shear devices overcome this limitation, enabling tests to large strains. The confining medium may be either a weak solid or a true fluid [60, 901. Solid medium machines are capable of higher pressures and longer time spans, but, owing to the strength of the solid medium, uncertainties in stress and pressure exist; but those decrease as the strength of the pressure medium decreases. Media used are AlSiMag ceramic, pyrophyllite, magnesium oxide, calcite, and salt (listed in order of decreasing strength). The recent introduction of liquid salt cells significantly improved stress resolution [22] . Gas medium devices also have low uncertainty in stress; additionally, they provide independent control of pore fluid pressure. Whether porosity is drained or undrained is an important consideration for tectonic processes in the crust and lithosphere.
Heating is provided by a cylindrical furnace, made with graphite, tungsten, molybdenum, or platinum elements, placed either inside or outside the pressure vessel. In the solid medium assembly, samples are about 10 mm long, while those in the gas apparatus are about 25-50 mm. At higher temperatures, the chemical fugacities of volatiles are significant in determining the mechanical properties of the matrix minerals and must be controlled by a buffer system.
DEFORMATION MECHANISMS
In general, inelastic deformation occurs by defect motion. Brittle failure results from crack growth or frictional slip [48] ; plastic flow results from motion of point defects, dislocations, and twins, or from grain boundary sliding [64] . To predict mechanical behavior the production, motion, and annihilation of strain-carrying defects must be related to parameters such as stress, temperature, fugacity, and pressure [63] . Plastic constitutive laws can be categorized by identifying the rate-controlling steps of the dominant mechanism [18]: Nabarro-Herring and Coble creep are point defect processes. Glide, climb, cross slip, and Harper-Dom creep occur by dislocation motion. Twinning and grain boundary sliding involve planar defects. In pressure solution, ions are transported through a fluid.
DIFFUSION FLOW
Parts of the crust and mantle may deform by diffusion creep [5] . Rocks thought to be deformed in this regime are composed of small, equant grains lacking dislocation structures and lattice preferred orientation. Such microstructures are found in sheared olivine xenoliths, quartz mylonites, and calcite-dominated thrusts. Since minerals are composed of several ions, diffusion of the slowest ion along its fastest path (either grain matrix or grain boundary) will determine creep rate. Theory and experiments have identified three diffusion creep mechanisms. In the first, diffusion through matrix grains controls creep rate; in the second, grain boundary diffusion dominates; and in the third, reactions at the grain interface are governing.
Flow laws describing diffusion creep indicate strain rate is directly related to stress and inversely related to grain size [18] . If matrix diffusion dominates (NabarroHerring creep), the steady state creep rate is where CJ is the differential stress, l' is the molar volume, # is an effective matrix diffusion coeficicnt, d is the average grain size, R is the gas constant, and T is absolute temperature. If grain boundary diffusion is rate-controlling (Coble creep), the creep rate is (2) where 6 is the grain boundary width, and DGB is the boundary ditTusion coefficient. For grains to remain in contact, grain boundary sliding must also occur. Analysis of diffusion creep accompanied by boundary sliding yields constitutive equations that differ from (2) only in the numerical prefactor.
Point Defect Chemistry
The magnitudes of lattice and grain boundary diffusion constants in (1) and (2) are affected by the number and mobility of the defects involving the slowest ion. Both constants follow Arrhenius laws characteristic of thermally activated processes [64, 181. The diffusivity of a given ion depends on the concentration of other defects as well. Point defects in minerals are usually charged; consequently, the concentration of each point defect is coupled to that of others by the condition that the crystal be electrically neutral [76] .
In addition to intrinsic defects involving stoichiometric components, extrinsic point defects (i.e. impurities) may also exist. Because of charge coupling, extrinsic defects can influence the number and mobility of intrinsic defects and, hence, the creep rate. Chief among the extrinsic lattice defects are those involving dissolved hydrogen, hydroxyl, or water. One extremely important conclusion of recent research is that diffusion flow is strongly affected by point defect chemistry [3 11.
In ternary or quatemary minerals, many point defects are possible, and special notations have been developed to describe them. The most common, called the Kriiger-Vink notation, indicates the charge (superscript), site (subscript), and nature of the defect. For example, V "M. denotes a vacancy on the cation (metal) sublattice with double negative charge, relative to a normal occupied site. The concentrations of the point defects will depend on the fugacities of other chemical species through point defect reactions. In actual crystals, the concentrations of one pair of oppositely charged defects, the majority point defects, greatly exceed those of all others over a wide range of thermodynamic conditions, so that the point defect chemistry can be described by only a few point defect reactions.
Despite the importance of defect chemistry for strength, details of the point defect chemistry have been explored only for Mg-Fe olivine [53] . The majority defects for that mineral are metal vacancies, V"Mr and electron holes, h', localized near the octahedral metal cations, Me,. Charge neutrality requires that the mole fraction of holes, Nk, be twice that of the metal vacancies, NV,, : Nh. = 2 NY,, . Metal vacancies, oxygen interstitia% and silic& interstitials are formed in the following reactions:
G 0, (' + 2Me$ = 0; + 2MeL6
VLe + MeSiO,(g) = Met + Sir' + 30;
The Gibbs phase rule requires that point defect concentrations in a four-component compound depend on three activities, P, and T. For fixed Mg-to-Fe ratio, P and T, then point defect concentrations will be determined by the oxygen and orthopyroxene activities. Using the law of mass action, combined with the charge neutrality condition, the concentrations of Me vacancies, 0 interstitials and Si interstitials are given by where the K:s are functions of T and P only. Now, the diffusivity of a component ion, D, is related to the concentration, Ni, and diffusivity, D,, of its associated point defects by
Thus, D is a function of the component activities, e.g., (6) (7) (8) . Defect concentrations are small, Ni < la3, and, therefore, the ion diffusivity will be much smaller than that of the point defects, Thus, point defect concentrations can adjust rapidly to changes in thermodynamic conditions, while bulk composition changes much more slowly [51] . The equations for Nabarro-Herring and Coble creep, (1) and (2), may be generalized to the form where D' is the diffusion coefficient for the s owest ion along its fastest path given by (9); m is eith r 2 or 3 depending on whether diffusion is faster th ough the matrix or along the boundary; and n should e i ual 1. By measuring creep rate as a function of grain size, stress, and temperature, the parameters m, n, and the activation energy of D' may be determined. Comparison of the experimental values with those expected theoretically may be used to identify diffusion flow. Substantial deviations of n from unity probably indicate that other processes, e.g. dislocation flow, are contributing to bulk deformation. Microstructural evidence for diffusion creep includes the maintenance of fine, equi-axed grains, lack of dislocations, and extensive grain boundary sliding.
Limited data exist for diffusion creep in limestone, olivine, and feldspar (Table 1) . At stresses below 100 MPa, creep in Solnhofen limestone and fine-grained, synthetic marbles is sensitive to grain size. Grain boundary sliding contributes as much as two-thirds of the total strain [77, 921. In Solnhofen, dislocations were present, and grains were somewhat flattened after deformation. A quantitative comparison of diffusion coefficients is not possible, because boundary diffusivities are not available for limestone.
In fine-grained synthetic dunite, Coble creep dominates when water is added, (m=3.4); but Nabarro-Herring creep may prevail when the sample is dry (m = 1.7) [38] . In both cases, values for n are greater than unity and may reflect some contribution by dislocation flow. The effective diffusivity for dry creep agrees with the value reported for interdiesion of Mg and Fe in olivine, but is much larger than values for self-diffusion of oxygen or silicon [35, 36, A =c t Fig. 2a . Schematic drawing of an edge dislocation in a simple cubic material. The edge of the extra half plane of atoms in the center of the crystal is the dislocation core. Fig. 26 . In this schematic of an edge dislocation, the core region is drawn as a line. The normal to the glide plane is n, the Burgers vector is shown as b, and the line direction is I. Kinks are abrupt changes in the line direction which lie in the glide plane. Jogs are abrupt changes in direction which take the dislocation out of the glide plane. The size of the jog is greatly exaggerated here. Motion along the glide plane is conservative, requires no atomic diffusion, and proceeds by the migration of kinks in the plane. Dislocation climb occurs as jogs migrate and atoms diffuse into or out of the extra half plane. Diffusion transport can be along the dislocation core or through the lattice. The mobilities and numbers of jogs and kinks can be affected by the concentration and mobility of point defects in the crystal. Fig. 2c . Screw dislocations can slip along any plane cozonal with I. Since b is parallel to I for all screw dislocations, and because b lies in any plane that is cozonal with I, slip in any of those planes is conservative.
741. This result suggests that flux of oxygen and silicon are greater along boundaries than through the matrix, while the opposite is true for octahedral cations.
DISLOCATION FLOW
Dislocations are linear defects characterized by two vectors and a plane: the line direction, I, which is the tangent to the defect at any point; the Burgers vector, b, which is the closure failure of a circuit made around the dislocation; and the glide plane, which is represented by its normal vector, n. The glide plane contains both I and b (Figure 2 ). The Burgers vector, usually a low index direction of the crystal structure, gives the displacement induced by the passage of the dislocation. Dislocations with common n and b comprise a slip system. For plastic flow to occur homogeneously by dislocation glide alone, five independent slip systems must operate (the Von Mises criterion); but if strain is heterogeneous, this restriction is relaxed [57] .
As rocks creep, dislocations are generated, migrate, and are annihilated, the applied stresses doing work during all three steps. In silicates, only small portions of the dislocation, called jogs and kinks, are mobile at a given instant. Dislocation motion in the glide plane occurs by kink migration; while climb out of the plane occurs by jog motion. The crystal structure offers intrinsic resistance to the motion of both; for kink migration, the resistance is called lattice friction. Each dislocation segment also interacts with the local stress field. When the force of that interaction, combined with thermal activation, is large enough, the segment migrates to cause strain.
The net local stress is the superposition of all externally applied stresses and any internal stresses arising from other dislocations, point defects, precipitates, or interfaces. The internal stress, which typically resists migration, may increase with strain (hardening) or decrease with time (recovery), depending on changes in the internal microstructure. The change of the internal stress field, dot may be written as
where h' and r' are the strain-hardening coefficient and the recovery rate, respectively. When softening owing to recovery balances hardening, the steady state creep rate is
Alternatively and equivalently, the creep rate may be typical constitutive models are given in Table 2 ; the list is written far from exhaustive.
E =jwb (13) where p is the density of the mobile defects, b is the length of the Burgers vector, and v is the velocity of the mobile defect [ 181.
Dislocation Flow Laws
To formulate a constitutive law one must identify the rate-limiting step in the sequence of generation, motion, and recovery of the pertinent defects. For example, dislocations may be generated at boundaries, intersections with other dislocations, or precipitates. Motion may occur by climb, glide, or cross-slip. Recovery may occur by cross-slip or climb allowing reactions with dislocations of opposite Burgers vector (recovery), or by interaction of a dislocation with a static or moving boundary (recrystallization).
Chemical activities can profoundly affect creep rate. In minerals, kinks and jogs may be charged. As with point defects, line defects may be surrounded by chargecompensating point defects which are dragged along during dislocation motion. Thus, the mobility and number of jogs and kinks probably depends on concentration and mobility of certain point defects [3 11. Similarly, if recovery occurs by climb, which requires diffusion, the recovery rate will respond to difisivity changes caused by variations in chemical activity.
The rate-limiting step for creep will, in general, be thermally activated, but may change with variations of stress, CT, temperature, T, elements of the microstructure, S, or chemical activities, ai of all but one of the p components [3, 311. In completely general form, the creep rate is E= I(a,S,T, P,a ,,..., ai ,..., apml ),exp (-g ) (14) where AG, the free energy of activation (often called Q), may be a function of stress or pressure. Among the possible rate-limiting steps for creep are glide migration, climb migration, recovery by climb, recovery by cross slip, or dislocation generation. The deformation rate of the aggregate will be determined by the rate-limiting step of the fastest mechanism. If appropriate assumptions can be made as to which multiplication, migration, or recovery process controls strain and which step in that process controls strain rate, then theoretical constitutive laws may be developed. Some Given accurate constitutive equations and appropriate materials properties, deformation maps may be constructed which indicate the area of dominance of each mechanism [ 181. The independent variables of the map may be chosen as any two of the pertinent variables in (14), provided that the remaining parameters are fixed. The boundaries plotted on the map represent the conditions where the strain rates of two mechanisms are equal.
The mechanisms fall into several classes: (1) plasticity, controlled by glide, occurring at high stress or low temperature; (2) creep, controlled by climb or cross slip, occurring at high temperatures; or (3) Harper-Dorn creep, occurring at very low stresses, or high temperatures. Changes in the flow law are also accompanied by microstructural changes. For example, metals creeping at high temperature may be divided into two classes [85] , called pure metal type, where nG.5, and alloy type, where nG3. Microstructural observations indicate that dislocations organize to form subgrains in the first type, but are scattered homogeneously throughout the crystal even after large strains in the second. In metal types, creep is presumably controlled by the dislocation multiplication rate; while for alloy types, creep may be controlled by viscous migration. In metals, simple halides and oxides, it is often found that the activation energy for hightemperature creep is the same as the activation energy for self-diffusion of the slowest species.
Dislocation Creep Experiments
A common feature of many of the high-temperature constitutive laws is that creep rate is related to differential stress, (T, by a power law of the form, (15) where ai is the activity of the ith component, q,, n, and Qz are constants, and AZ is a weak function of T. Often experimentalists simply adopt (15) and determine n experimentally (Table 3) [78] , the empirically determined flow law constants are, respectively, n=7.7 and 7.6 and Qx=255 and 420 kJ/mole (for deformation at strain rates of 10e3 to low6 s-' and temperatures of 500 to 1OOO'C). Thus, although there is general agreement concerning the stress exponent, activation energies for the two rocks differ significantly. Further, cross slip might be important [12] , which would lead to an entirely different flow law ( Table 2) .
The largest data set currently available is for olivine-rich rocks ( Figure 5 ). Coarse-grained olivine undergoes power law creep at stresses below 100 MPa with values of n in the range 3.3-4.5 and Qd,* up in the range 440-540 kJ/mol. In both polycrystals and single crystals, strain rate depends on intrinsic variables including temperature, oxygen fugacity and pyroxene activity, and on extrinsic dopants including water (or hydrogen) fugacity [3, 381 and, possibly, carbon activity [21] . Both single crystal and polycrystalline olivine are weakened at high temperature by a factor of 2.5 when water is added. The diffusion rate for hydrogen is fast --10mg to lo-l2 mzsl at SOO-lOOO'C, suggesting an extremely mobile defect, e.g., interstitial protons, charge-compensated by electron holes 138, 501.
In olivine single crystals, no one dislocation climb model Svmbols Used in (Figure 4) . At high temperatures, the stress and temperature sensitivity of strain rate are the same for both "wet" and "dry" experiments.
The kinetics of equilibration of extrinsic point defects are apparently quite slow, and the defect concentrations are quite low [59] . Differences in chemical environment and purity probably account for much of the scatter in strength measurements. In nature and in experiments, water-related defects may be introduced through cracking, a process which may be important for strain localization in shear zones [44] .
Water may affect dislocation creep through changes in multiplication rates [40, 521 changes The properties of the fluid-laden contact zone are critical for kinetics. Estimates of boundary diffusivity vary by five orders of magnitude, depending on whether the fluid is supposed to be a continuous film or an impurity on a semicoherent boundary [6] . Some theories require an adsorbed water layer capable of supporting normal stresses [14, 72, 961 . If such a layer exists, it may have thermodynamic properties different from bulk water. Supporting this supposition are measurements of nonzero wetting angles in quartz, olivine, [33, 45, 931 and calcite [25, 341. Raj [66] postulates a hybrid, island/channel structure allowing rapid transport in the channels, but still providing mechanical support at the contact. All the transport models have two aspects in common. First, they are linear in driving force (either effective stress, CI,, effective pressure, P,, or the difference between effective pressure and the ratio of the interfacial energy, y, divided by the radius of curvature of the interface, r). Secondly, strain rate is proportional to l/d when deformation is limited by interface transport, or to l/d3 when it is limited by boundary diffusion.
Less work has been done on undercutting mechanisms, but some experiments have examined undercutting involving brittle or plastic processes [62, 841.
Pressure Solution Experiments
Of the many experiments designed to explore pressure solution in the laboratory, the great majority have measured densification of powdered aggregates or porous, natural rocks, although some have measured dissolution rates of stressed single crystals or the shear strength of a nearly dense polycrystalline aggregate. The densification configuration is identical to liquid phase sintering and hot pressing [S 11.
Microstructural evidence for solution transfer is often very convincing [ll, 911, but identifying the ratecontrolling step can be problematic. Experiments on KC1
[62] and NaCl [82] suggest that failure of contacts between grains may occur via dislocation flow. Other experiments with brine-saturated, NaCl aggregates at 3%45"C, indicate that densitication rate is inversely proportional to grain size, suggesting interface control [66] . Pharr and Ashby's [62] undercutting model, derived from experiments on KC1 and sucrose, differs from the transport models in several important respects, but also assumes a low wetting angle. The nature of the interface is clearly quite important: deformation occurs more quickly when dissimilar materials are pressed together than when grains of the same material are pressed [29] . Temperature (K) Fig. 3 . Differential stress necessary to cause creep at a rate of 1O-5 s-r in several calcite rocks at various temperatures (see Table 3a for sources). The transition between power law creep and stress-activated, glide-controlled creep is the upper horizontal line (see Table 2 ). The transition to diffusional creep (lower horizontal line) has been observed for Solnhofen limestone. Fig. 4 . Creep strengths for quartz rocks as a function of temperature at a strain rate of 1O-5 s-r. Rocks dried in vacuum prior to testing tend to be stronger than rocks tested under room "dry" conditions. Thicker lines show creep strengths for quartz rocks with added water. Equilibration is apparently very slow, leading to strengths which vary considerably, depending on the actual water concentration in the sample. No studies have definitively demonstrated diffusional flow in quartz-rich rocks.
BRITTLE-DUCTILE AND BRITTLE-PLASTIC TRANSITIONS
At the Earth's surface, most rocks fail by cataclastic mechanisms (481. At greater depth, flow proceeds exclusively by plastic processes. The transition from brittle to plastic deformation occurs in two stages [16, 231. The first, called the brittle-ductile transition, is a change in failure mode from localized to distributed failure. The second, brittle-plastic transition is a change from brittle cracking to plastic flow alone (Table 5 ) [73] . When brittle and plastic mechanisms occur simultaneously, deformation is called semibrittle.
The relative contribution of each mechanism is determined by mineral properties, phase chemistry, pore geometry, stress conditions, temperature, lithostatic pressure, fluid pressure, and chemical fugacities. Failure mode is determined by the above, the mechanical characteristics of the loading system, and the geometry of the load-bearing member. Localized failure is possible with plastic flow or brittle cracking, acting alone or in combination.
For conventional triaxial loading of rocks in the gas medium apparatus, the pressure of the brittle-ductile transition is predicted empirically by the intersection of the Mohr-Coulomb criterion with Byerlee's friction law [48] L_ -I- RCoD,Omd ((0~ -p/)+3b, ( Figure 6 ). Abnormally high fluid pressure gradients or the presence of partial melts can induce semibrittle or completely brittle behavior, even at high temperatures or low strain rates.
The brittle-plastic transition is bounded in differential stress-pressure space by the criterion q-q=P, Pressure (MPa) Fig. 6a . Schematic trend of strength versus pressure for a rock undergoing the brittle-plastic transition. Nonlocalized plastic flow occurs when the differential stress is less than the pressure. Nonlocalized brittle fracture occurs when the strength is greater than the pressure, but less than the strength to cause frictional sliding. Fig. 6b . Similar curves based on data for Carrara marble deformed at a variety of strain rates and temperatures. From a continuum mechanics point of view, localization in a pressure sensitive, dilatant material under axisymmetric loading is determined by three parameters [70] : an internal friction coefficient p, a dilatancy factor 0, and a hardening coefficient h. The normalized critical hardening modulus, h,, for the inception of strain localization is (17) where g is the shear modulus, v is Poisson's ratio, and N is l/J3 for axisymmetric compression. For most stress states, the model predicts negative h, for shear band formation, both for a yield vertex model and for isotropic hardening.
With increasing confining pressure and decreasing dilatancy factor, h,, is predicted to increase. Experiments on a variety of rocks agree with the mechanical analyses, except that the hardening modulus critical for incipient localization is predicted to be overly negative as compared with the experimental values.
During cataclastic failure of rocks in compression, dilatant microcracks nucleate, grow, and coalesce [48] . For dilatant wing cracks growing from an inclined preexisting flaw, fracture mechanics models [55, 751 indicate that strain hardening occurs until the dilatant cracks interact elastically; at which point strain softening and localization occur. Although rigorous tests of the fracture mechanics models do not exist, the theories do provide rational explanations for several observations, including, for example, dependence of fracture strength on the inverse of the square root of grain size. The models do not explain the empirical observation that the friction law bounds the brittle-ductile transition, unless fracture toughness and plastic flow strength scale with each other. [97] shows that cracks nucleated by dislocation pileups propagate to a length which scales with the number of dislocations in the pileup, and with the difference between the resolved applied stress and the Peierls stress.
Despite progress in understanding semibrittle failure, a satisfactov constitutive law does not exist. Because of the potential complexity of mixed deformation mechanisms, it is naive to expect one theory to represent semibrittle deformation over a range of conditions. In the same way that deformation maps are necessary to represent plastic flow, multimechanism maps will surely be needed to describe semibrittle deformation. Res., 64,2001 Res., 64, -2025 Res., 64, , 1959 . 97. Wong, T.-f., A note on the propagation behavior of a crack nucleated by a dislocation pile-up, J Geophys. Res., 95,8639-8646, 1990 .
